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Electronic structure and spin polarization of Mn-containing dilute magnetic 11l-V semiconductors
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We presengb initio density-functional calculations for the electronic structure of the dilute magnetic semi-
conductors MpGa _,As and Mnln;_,As with a realisticx=0.063. We find that the introduction of Mn
perturbs the position of the nearest As atoms, but does not break the tetrahedral symmetry. Neither material is
found to be strictly half metallic. However, in both materials the Mn content results in a majority-spin
valence-band maximum that is0.5 eV above the minority-spin valence-band maximum. This large valence-
band split is primarily due to the hybridization of Ap4nd Mn 3 orbitals. It results in a significant energy
range where holes have a well-defined spin. The effective masses of holes in this range are found to be
comparable to those of GaAs and InAs. Hence, in an ideal, disorder-free situation, spin-polarized transport may
be explained by conventional transport in the context of a simple band picture. This leads to a theoretical limit
of 100% spin injection from these materials. Attaining this limit in a sufficiently ordered material also requires
a careful “engineering” of the Fermi-level position and a sufficiently low temperature.
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[. INTRODUCTION with existing 1lI-V semiconductor technology. Some initial
success in using them for injecting spin-polarized holes has
The systematic use of electra@pin in addition to its been reported recentfly? albeit with a limited degree of spin
charge holds great promise for a new class of semiconductopolarization(several perceit High-efficiency spin injection
devices with unprecedented functionality. The suggested afftom these materials remains a formidable task.
plications include, e.g., “spin-field-effect transistotsihich Here, we examine the theoretical limits to spin injection
could allow for software re-programming of the micropro- from dilute I1l-V magnetic semiconductors by using first-
cessor hardware during run time, semiconductor-baseBrinciples calculations, based on spin-polarized density-
“spin-valves”® which would result in high-density, non- functional theory. We compute the electronic structure of the
volatile semiconductor memory chips, and even “spinferromagnetic ordered phase of Mg _,As and
qubits™®, to be used as the basic building block for quantumMnyIn;—xAs, with x=0.063(i.e., in the experimentally rel-
computing. evant rangg and find that idealfully polarized spin injec-
A major hindrance for the practica] imp|ementati0n of thetion is indeedpossible This is because the introduction of
above concepts is the difficulty in preparing materials thatMn results in a significant energy range-0.5 e\) where
can serve as a high-efficiency source of charge carriers witAoles have a well-defined spin. Hole mobility is then ex-
well-defined spin, yet be compatible with existing semicon-plained on the basis of a simple band-transport picture,
ductor technologies. For example, it has been theoreticallyvhich facilitates the ideal limit of spin-polarized transport. In
shown that the ferromagnetic zinc-blende phase of MnAdight of these findings, we discuss the stringent conditions on
(that could, in principle, be compatible with GaAss half ~ the band lineup at the DMS/semiconductor interface that are
metallic? i.e., the majority-spin states have a metallic densityrequired for a practical utilization of this hole band.
of states and the minority-spin states have a semiconducting
density of states, with the Fermi level lying in the semicon-
ducting gap. Electrons injected from the vicinity of the Fermi
level would have well-defined spins, making zinc-blende All calculations presented below were performed by using
MnAs ideally suited for spin-injection applications. Unfortu- ab initio pseudopotentials within density-functional theory,
nately, this phase has yet to be grown successfully, and inwith a plane-wave basfs.We employed the local-spin-
deed subsequent theoretical work has shown that it cannot leensity approximation, implemented using the Perdew-Wang
stabilized at equilibriun. exchange-correlation function®, and used Troullier-
Recently, significant progress in the growth of dilute mag-Martins pseudopotentidfscast into the separable Kleinman-
netic semiconductorfDMSs) has been reportét.This  Bylander form‘? Pseudopotentials based on electronic con-
breakthrough was made possible by using nonequilibriunfigurations of 4>7%4p®23d°> (Mn), 4s?4p*4d® (Ga),
molecular-beam epitaxy growth for incorporating Mn in ex- 5s?5p*5d° (In), and 424p34d° (As), with s/p/d cutoff ra-
cess of the solubility limit into 11I-V semiconductors, most dii (in atomic unitg of 1.90/2.59/2.00, 2.99/2.58/2.99, 3.00/
notably GaAs(as much as-8% Mn) and InAs(as much as  3.00/3.00, and 2.49/2.49/2.49, respectively, were used. A
~17% Mn).% Clearly, these new compounds are compatibleplane-wave cutoff energy of 60 Ry and a Monkhorst-Pack

1. COMPUTATIONAL DETAILS
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4X4X 4 k-point sampling scheme were used to guarante@oth cases, the calculated value slightly underestimates the
convergence. experimental value—a well-known result of the local-density

All DMS calculations were performed within a 32-atom app_roximatior?. We note that for MnGaAs, a Mn-induced
supercell, constructed as follows. By taking<2x 2 stan- static dlsorde7r of the first Ga shell and second As shell was
dard unit cells of the zinc-blende structure, we constructed!so reported” This disorder was not reproduced in our cal-
the ideal GaAs or InAs lattice as a simple cubic lattice ofculations. However, we do not expect the introduction of an
supercells containing 64 atoms. We then transformed thigrdered array of impurities into an ordered lattice to intro-
lattice into an equivalent body-centered-cutiicg) lattice of ~ duce a disordefunlike areduceddegree of order, i.e., sym-
supercells containing 32 atoms. Finally, we replaced one GHetry lowering, which is possibleWe, therefore, attribute
or In atom with a Mn atom, obtaining a DMS with6.3% of the observed disorder to the alloy disorder of the Mn atoms
MnAs (i.e., x=0.063). Because the supercell contains only!n @ reéal MnGaAs sample, as opposed to the perfect ordering
one Mn atom and the infinite crystal is constructed by exacPf Mn in our computed alloy. _
replications of this supercell, all Mn atoms have the same All electronic structure calculations shown below were
neighboring atoms and possess the same spin. Therefore, tRgfformed using the above-discussed optimized geometry.
MnGaAs or MninAs phase so constructedfésromagnetic However, because the Mn-induced perturbation maintained
and orderecby definition. the tetrahedral symmetry and was quantitatively small, we

Partial density-of-states curves were computed by using gnq that it; effect. on the glectronic structure is negligible.
sphere of~1.3 A (which is close to the covalent radius of This constitutes dirst-principlessupport for the neglect of

all atomic species involvédcentered on each atom, to de- structural effects in pomputing the eIectrolr51i§:6 structure of
convolve the obtained wave functions over atomic orbitals ofNese materials, previously used asearsatz***
valence electrons. The resulting density of states was only
weakly dependent on the radius chosep, Within a range of |\, MAGNETIC PROPERTIES AND ELECTRONIC
several tenths of angstroms around this radius. The same STRUCTURE
sphere size was used for calculating local magnetic mo-
ments. As explained above, in this paper we are interested in the
theoretical limits to spin-injection efficiency from MnGaAs
Il STRUCTURAL OPTIMIZATION and MniInAs. Therefore, it_ suffices to study the ele'ctronic
structure of the above-defined ordered ferromagnetic phase
The introduction of a Mn impurity into the GaAs or InAs of these materials. This is because disorder effects, alloy
matrix is expected to disrupt the local atomic structuredisorder, Mn clustering, MnAs precipitation, etcas well as
around the impurity. This disruption may alter the electronicthe limited stability of the ferromagnetic phase, will clearly
structure significantly, especially if it is associated with sym-only serve to impede spin-polarized transport in these mate-
metry lowering. We therefore initiated our study by calculat-rials.
ing the equilibrium atomic positions in the supercell, as a Our calculations show that the local magnetic moment of
prerequisite in calculating the electronic structure. To thathe Mn atom is~4.1u,, where u,, is the Bohr magneton,
end, we have perturbed all atoms from their original posifor both MnGaAs and MnInAs. This value is in good agree-
tions in the supercell, so as to destroy any remaining formaient with previous calculation:'° Due to localization of
symmetry. We then allowed each atom to move under thgpin-polarized charge around the Mn atom, this value is
forces exerted by the electrons and the other atoms and minglightly larger than the global magnetic moment per super-
mized the total energy using the Broyden-Fletcher-Goldfarbeell, which is 4u,,. The latter value is in agreement with the
Shanno algorithif to find the new atomic equilibrium posi- magnetic moment of 5, for the free Mn atom being re-
tions. duced to 4, in the lattice because the Mn impurity acts as
For both materials, we find that the introduction of Mn an acceptor.
has a non-negligible effect only on the position of its first As  Having established that our calculation produces the cor-
neighbors, where the cation-As bond length is altered, butect magnetic properties, we now turn to assessing the elec-
the tetrahedral symmetry is maintained. Subsequent sheltsonic structure. Calculated total density-of-stat@0S)
are left unperturbed. Our findings are in good agreemengurves for MnGaAs and MninAs, as well as those of the
with experiment. For MnGaAs, we find the Mn-As bond to hypothetical zinc-blende MnAs phase, are shown in Fig. 1. It
be slightly elongated with respect to the Ga-As 62et8 A s readily observed that the zinc-blende MnAs is indeed half
vs 2.44 A, respectively whereas for MnInAs, the Mn-As metallic, in agreement with previous studfesHowever, the
bond is slightly compressed with respect to the In-As oneDMSs arenot strictly half metallic. The DOS of both major-
(2.51 Avs 2.62 A, respectivelyThis is simply because the ity and minority spins feature a similar band ¢@pThe
Mn-As bond length in MnAs, 2.57 A, is longer than that of Fermi-level position indicates that both DMSs are in fact
Ga-As in GaAs but shorter than that of In-As in InAXs. p-type semiconductors with the Mn acting as an acceptor
Moreover, the computed Mn-As bond lengths are in goodon, in agreement with experimehBy integrating the DOS
agreement with those found experimentdl50 A (Refs.  from the Fermi level to the valence-band maximum, we find
17) and 2.54-2.58 ARef. 1§ for MnGaAs and MnInAs, that the hole density is-10?* cm 3. This value is at the
respectively, using extended x-ray-absorption fine structureupper end of the experimentally reported range of
measurements of samples with a comparable Mn fraction. Ir-10?° cm™3— ~10?* cm™3 holes for MnGaAs samples of
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previous theoretical workl which found a strictly half-
metallic band structure for MGa, _,As with anx of 1/4
and 1/8, i.e., beyond the experimentally accessible range.

For the lowerx value of 1/16 that is studied here, we find
that the ferromagnetic nature of the DMSs is manifested in a
significant DOS just above the Fermi levglenoted by an
arrow in Figs. 1a) and 1b), which appears in the majority
spin DOSalone This is, in principle, in agreement with the
calculations of Parlet al!® on MnGaAs and of Akd? on
MnlInAs, except for the more liberal definition of the term
“half metal” by these authors. It is immediately obvious that
any hope of obtaining holes with a well-defined spin from
these DMS'’s rests on this spin-polarized DOS near the va-
lence band.

For understating the origin of the spin-polarized feature in
the DOS curves, we calculated partial DOS curves near the

denote portion of states with potential for spin-polarized hole injec-top of the valence band for MnGaAMnNInAs). The As 4,

tion.

Ga 4p (In 5p), and Mn 3 contributions to the DOS are
shown in Fig. 2(the partial DOS of all other orbitals was

similar Mn concentratiofi.The actual hole concentration can found to be negligible in the pertinent energy rangde is
easily be lower due to compensating defects, which are naeadily apparent that the Mnd3states hybridize strongly
taken into account in our calculation. This semiconductingwith As 4p states, and to a much lesser extent with G&ldp
nature of the DMS with arx of 1/16 is in contrast with 5p) states. The situation is similar to that encountered in
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GaAs(InAs), where the top of the valence band is dominated Majority Spin Minority Spin
by As 4p states’? However, for the spin-up states the Mn %

3d states contribute roughly as much as the original cation
states, even though the Mn concentration is much lower than ,
the Ga(ln) one.

Figures 1 and 2 show that the electronic structures of
Mn,Gg _,As and Mnln;_,As with x=1/16 is an interme-
diate case between the limit of an isolated Mn atom in GaAs

>

Energy [eV]

r £ N I P H

Energy [eV]

(=

(InAs) on the one hand, and the limit of the zinc-blende
MnAs phase on the other hand. The Mn content is clearly too
large to consider each Mn atom as an isolated impurity. In-
deed, a localized spin-polarized defect state situat€dl
eV above the valence-band maximuwviBM) (Ref. 22 is
expected for an isolated impurity, whereas here the impurity-
related feature is broad~0.5 eV in width, due to orbital 2
hybridization. However, while the Mn concentration does re-
sult in significant band splittingsee below, the hybridiza- (@)
tion, and therefore the split are too small to completely wipe Majority Spin Minority Spin
out the majority-spin band gap. This is because there is at
least one cation site containing Ga between two sites con- @g /\/K
taining Mn, which impedes the hybridization. ol & ol S\ ]
In order to assess how efficient spin-polarized transport in Z%
these materials can be, we must consider the possible trans-
port mechanism. Is it closer to the isolated impurity limit, 1}
where transport may be a free-hole mediated Ruderman-
Kittel-Kasuya-Yosidg RKKY ) mechanisnt? or closer to the
MnAs limit [as is MnGaAs with, e.g.x=1/2 (Ref. 13], k """" ey \7 1 N /N 1B
where a band with a significadtcharacter is formed? ﬁ
To answer this question, we calculated the band-structure
diagrams for MnGaAs and MnInAs. These are given in Fig.
3, plotted for several high-symmetry directions in the Bril-
louin zone. Note that in light of our choice of a bcc supercell,  _, 2
the Brillouin zone must correspond to a bcc real-space lat- ' i N T P H r " N I P H
tice, even though the local atomic configuration is that of a  (b)
slightly perturbed zinc-blende lattice. It is readily apparent :
that for both DMSs, the above-discussed spin-polarized fea'\—AnFIGd'nS' i’nd-structure diagrams fol@) Mo 06452035, (b)
ture in the majority-spin DOS is actually a distirnzand of 0.063770.9377%=-
spin-polarized holes. The VBM of the majority spin480.5  MnGaAs and MnInAs, respectively, whemg, is the electron
eV above that of the minority spin. Both VBMs are at the rest mass. These numbers are of the same order of magnitude
point so that the band gaps for both spins are direct. as the light hole mass in GaAs and InBsespectively, un-
Our theoretical prediction of a split valence band is inequivocally indicating a very favorable situation for injection
qualitative agreement with experiméfit. Quantitatively, of spin-polarized holes into GaAs or InAs. We, therefore,
however, experiment finds a smaller split, of the order offind that spin-polarized transport in MnGaAs and MnInAs
~0.1 eV(Ref. 24. Because the samples used in experimentgan be explained without resorting to the simple picture of a
had a degree of disorder, the experimentally found splitting$ole-providing isolated Mn impurity resulting in an RKKY-
must be smaller than the value expected for the ideally orlike mechanism. This is in agreement with a similar conclu-
dered case studied here. Conversely, our calculated value ston by Akai*® obtained from different arguments.
likely to overestimate the splitting. First, the local-spin-  For practical realization of this promising spin-injection
density approximation is known to overestimate Mn-relatedootential, one must place the Fermi level such that injection
band splittings® Second, spin-orbit coupling, which was not takes place solely from the relatively narrow energy range
included in our calculations, may further reduce the bandhetween the minority-spin VBM and the majority-spin VBM.
splitting. For the ideal case studied here, the combination off this condition is fulfilled, then although neither MnInAs
theory and experiment therefore provides an upper and lowator MnGaAs are half metallic, both can be considered as
bound, respectively, for the width of the spin-polarized en-“locally half metallic,” in the sense that the holes in the
ergy range at the VBM. energy range relevant for injection will be part of a continu-
Several bands with different effective masses are appareiaus energy band with a well-defined spin.
around thel” point of the majority-spin diagrams. By fitting In practice, the position of the Fermi level is determined
these bands to a parabola aroundEhgoint, we find that the by “unintentional doping” of defects and residual impurities.
lighter holes have an effective mass ofdgland 0.05ny for ~ For example, such “unintentional doping” often results in
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MnlInAs that isn type, rather tharp type® We, therefore, V. CONCLUSIONS

propose that a possible key to improving the spin-injection

efficiency is careful control of the position of the Fermi  In conclusion, we have used density-functional-theory-
level, e.g., by adding a different donor or acceptor spe@es based calculations to elucidate the electronic structure of
trace amounts, such that the band structure is not affectedvinGaAs and MnInAs with an experimentally realistic Mn
We also stress that particular attention must be paid to apzontent. We find that both materials possess a band of well-
propriate design of the interface, where the Fermi-level poyefined spin. This band is derived from hybridization of Mn
sition may be significantly gltered due to interfac;e stafes. 3d and As 4 states. By stringent material and device design
Such improvement of efficiency may, however, involve any,, bjaces the Fermi-level position close to the maximum of
important caveat. As noted above, our study pertains to thfhis band, and assuming a sufficiently high degree of order
ferromagnetic phase only, but pushing the Fermi level UPand a su;‘ficiently low temperature, MnGaAs and MnInAs

ward_s may result in a reduced stability of this phdsehis .can indeed be used as an ideal source of spin-polarized holes
may indicate a practical tradeoff between the degree of Sp'ﬂwat is compatible with the existing 111-V technology.

polarization and the Curie temperature.
It is also important to note that the practical attainment of

“pure” bandlike transport also depends on the degree of or-
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